A noise-vibration-harshness (NVH) 
Introduction
The design of a vehicle with high ride quality draws attention of engineers increasingly due to the customer's preference. Especially, the structural-acoustic performance of a passenger vehicle becomes an important issue in the design process. The purpose of this paper is to show feasibility of design optimization to minimize the vehicle's weight subjected to the structural-acoustic constraints. Many numerical methods have been developed to simulate the structural-acoustic performance of a passenger vehicle. The finite element method ͓1͔, the boundary element method ͓2͔, the statistical energy analysis ͓3,4͔, and the energy flow analysis ͓5-7͔ are a short list of methods that can be used for the purpose. Different methods must be used based on the design interest. For example, the finite element analysis ͑FEA͒ and boundary element analysis ͑BEA͒ can be used for simulation in the low-frequency range, while the statistical energy analysis and energy flow analysis can be used for the high-frequency range. In this paper, the former methods are employed to simulate the vehicle's structuralacoustic performance in the 1-100 Hz frequency range. A commercial finite element code MSC/NASTRAN ͓8͔ is used to simulate the frequency response of the vehicle structure, while a boundary element code COMET/ACOUSTICS ͓9͔ is used to calculate the sound pressure level in the cabin compartment based on the velocity information obtained from the finite element code. That is, the simulation procedure is sequential and uncoupled based on the assumption that the vibration of the air does not contribute to the structural vibration.
Many research results ͓10-18͔ have been published in design sensitivity analysis ͑DSA͒ of structural-acoustic problems using FEA and BEA. While the direct differentiation method in DSA follows the same solution process as the response analysis, the adjoint variable method follows a reverse process. One of the challenges of the adjoint variable method in sequential acoustic analysis is how to formulate this reverse process. The sequential adjoint variable method with a reverse solution process developed by Kim et al. ͓19, 20͔ is used, in which the adjoint load is obtained from boundary element re-analysis, and the adjoint variable is calculated from structural dynamic reanalysis.
For NVH design optimization, design parameterization, design sensitivity analysis, and design optimization algorithms need to be integrated. The Design Sensitivity Analysis and Optimization ͑DSO͒ Tool ͓21͔ developed at the Center for Computer-Aided Design at the University of Iowa is used as an integrating environment in this paper. The graphic user interface in DSO allows the design engineers to carry out design parameterization, structural-acoustic analysis, design sensitivity analysis, and design optimization.
The proposed sequential structural-acoustic analysis and DSA using the adjoint variable method are applied to the optimization of a next generation concept vehicle model, by which the vehicle weight is minimized while the sound pressure level is constrained. A design optimization problem is formulated and solved, where the structural weight is reduced while the noise level in the passenger compartment is lowered.
2 Structural-Acoustic Analysis 2.1 Frequency Response Analysis. The steady-state response of a structure under the harmonic load f͑x͒ with frequency can be written as
where ⍀ S is the structural domain, z͑x͒ is the complex displacement, L is the linear partial differential operator, ͑x͒ is the mass density, and C is the viscous damping effect.
For the variational formulation, since the complex variable z͑x͒ is used for the state variable, the complex conjugate z* is used for the variation of the state variable. By multiplying Eq. ͑1͒ with z* and integrating it over the structural domain ⍀ S , the variational equation can be derived after integration by parts for the differential operator L as
where z* is the complex conjugate of the kinematically admissible virtual displacement z, and Z is the complex space of kinematically admissible virtual displacements. Equation ͑2͒ provides the variational equation of the dynamic frequency response under an oscillating excitation with frequency . For simplification of notation, the following terms are defined:
where d u (",") is the sesqui-linear kinetic energy form, c u (",") is the sesqui-linear damping form; a u (",") is the sesqui-linear strain energy form, and ᐉ u (") is the semi-linear load form. The definitions of the sesqui-linear and semi-linear forms can be found in Horvath ͓23͔.
Since the structure-induced pressure within the acoustic domain is related to the velocity of the structural response, it is convenient to transfer the displacement to the velocity using the following relation:
By using Eqs. ͑2͒-͑7͒, the variational equation of the frequency response problem can be obtained as
The structural damping, a variant of the viscous damping, is caused either by internal material friction or by connections among structural components. It has been experimentally observed that for each cycle of vibration, the dissipated energy of the material is proportional to the displacement ͓24͔. When the damping coefficient is small as in the case of structures, damping is primarily effective at those frequencies close to the resonance. The variational equation with the structural damping effect is
where ϭ(1ϩ j)/ j and is the structural damping coefficient. After the structure is discretized using finite elements, and kinematic boundary conditions are applied, the following system of matrix equations is obtained:
where ͓M͔ is the mass matrix and ͓K͔ is the stiffness matrix.
Acoustic Boundary Element Analysis.
Together with the structural velocity results, BEA is used to evaluate pressure response in the acoustic domain. In simplified notation, the boundary integral equation of the acoustic problem can be written as
where b(x 0 ;") and e(x 0 ;") are linear integral forms that correspond to contributions from the surface velocity and surface pressure respectively. The constant ␣ is equal to 1 for x 0 inside the acoustic volume, 0.5 for x 0 on a smooth boundary surface, and 0 for x 0 outside the acoustic volume. Note that Eq. ͑11͒ can provide a solution for both radiation and interior acoustic problems. Unlike the energy forms in Eqs. ͑3͒-͑6͒, these integral forms are independent of the structural sizing design variable; thus no subscription u is used in their definitions. The BEA is done in two steps: first evaluating the pressure on the acoustic boundary using the structural velocity, and then calculating the pressure within the acoustic domain using the boundary pressure information. Suppose the acoustic boundary S is approximated by N number of nodes. If observation point x 0 is located at every boundary node, then the following linear system of equations is obtained from Eq. ͑11͒:
where ͕p S ͖ϭ͕p 1 ,p 2 , . . . ,p N ͖ T is the nodal pressure vector, ͕v͖ is the 3Nϫ1 velocity vector, ͓A͔ is the NϫN coefficient matrix, and ͓B͔ is the Nϫ3N coefficient matrix. Note that these vectors and matrices are all complex variables. The process of computing the boundary pressure ͕p S ͖ assumes domain discretization, and the condition in Eq. ͑11͒ is imposed in every node. However, for the purpose of DSA, let us consider a continuous counterpart to Eq. ͑12͒, defined as
where the integral forms A(") and B(") correspond to the matrices ͓A͔ and ͓B͔ in Eq. ͑12͒, respectively. The boundary pressure can then be calculated from p S ϭA Ϫ1 ‫ؠ‬B(v). Once ͕p S ͖ has been computed, Eq. ͑11͒ can be used to compute the acoustic pressure at any point x 0 within the acoustic domain in the form of a vector equation as
where ͕b(x 0 )͖ and ͕e(x 0 )͖ are the column vectors that correspond to the left-hand side of the boundary integral Eq. ͑11͒.
In the sizing design problem, in which panel thickness is a design variable, integral forms b(x 0 ;") and e(x 0 ;") in Eq. ͑11͒ are independent of the design variable. Only implicit dependence on the design exists through the state variables v and p S , which will be developed in the following section. However, in the shape design problem, the acoustic domain changes according to the structural domain change, which is a design variable. Thus, integral forms b(x 0 ;") and e(x 0 ;") will depend on the design.
Design Sensitivity Analysis
The purpose of DSA is to compute the dependency of performance measures on the design. In this study, only sizing design, such as the thickness of a plate and the cross-sectional dimension of a beam, is considered.
Direct Differentiation Method.
The direct differentiation method computes the variation of state variables by differentiating the state Eqs. ͑9͒ and ͑11͒ with respect to the design. Let us first consider the structural part, i.e., the frequency response analysis in Eq. ͑9͒. The forms that appear in Eq. ͑9͒ explicitly depend on the design, and their variations are defined as
where ṽ denotes the state variable v with the dependence on being suppressed, and z and its complex conjugate are independent of the design. The detailed expressions of d ␦u Ј (","), a ␦u Ј (","), and ᐉ ␦u Ј (") can be found in Kim et al. ͓19͔.
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Transactions of the ASME Thus, by taking a variation of both sides of Eq. ͑9͒ with respect to the design, and by moving explicitly dependent terms on the design to the right side, the following sensitivity equation can be obtained:
Presuming that the velocity v is given as a solution to Eq. ͑9͒, Eq. ͑18͒ is a variational equation, with the same sesqui-linear forms for displacement variation vЈ. Note that the stiffness matrices corresponding to Eqs. ͑9͒ and ͑18͒ are the same, and that the right side of Eq. ͑18͒ can be considered a fictitious load term. If a design perturbation ␦ u is defined, and if the right side of Eq. ͑18͒ is evaluated with the solution of Eq. ͑9͒, then Eq. ͑18͒ can be numerically solved to obtain vЈ using FEA. By interpreting the right side of Eq. ͑18͒ as another load form, Eq. ͑18͒ can be solved by using the same solution process as the frequency response problem in Eq. ͑9͒.
Next the acoustic aspect will be considered, which is represented by the boundary integral Eq. ͑11͒. A direct differentiation of Eq. ͑11͒ yields the following sensitivity equation:
Since integral forms b(x 0 ;") and e(x 0 ;") are independent of the design, the above equation has exactly the same form as Eq. ͑11͒. Thus, using the solution vЈ from the structural sensitivity Eq. ͑18͒, Eq. ͑19͒ can be solved by following the same solution process as BEA, to obtain the pressure sensitivity result. Thus, like Eq. ͑12͒, the following matrix equation has to be solved in the discrete system:
And then, like Eq. ͑14͒, the pressure sensitivity at point x 0 can be obtained from
This sensitivity calculation process is the same as the BEA solution process described from Eq. ͑12͒ to Eq. ͑14͒. Consider a performance measure that is defined at point x 0 within the acoustic domain as
where the function h(p,u) is assumed to be continuously differentiable with respect to its arguments. The variation of the performance measure with respect to the design variable becomes
where h ,p ϭ‫ץ‬h/‫ץ‬p and h ,u ϭ‫ץ‬h/‫ץ‬u can be obtained from the definition of the function h. Thus, from the solution to the acoustic design sensitivity Eq. ͑19͒, the sensitivity of can readily be calculated. However, the calculation of pЈ also requires the solution to the structural sensitivity Eq. ͑18͒.
Adjoint Variable Method.
Since the number of design variables is larger than the number of active constraints in many optimization problems, the adjoint variable method is attractive. Although the adjoint variable method is known to be limited to a symmetric operator problem, in this section, it is further extended to non-symmetric complex operator problems. Since the adjoint variable method is directly related to the performance measure, the structural and acoustic performance measures are treated separately. In case of the acoustic performance measure, a sequential adjoint variable method is introduced.
The acoustic performance measure in Eq. ͑22͒ is defined at point x 0 , and its sensitivity expression in Eq. ͑23͒ contains pЈ, which has to be explicitly expressed in terms of ␦ u. The objective is to express pЈ in terms of vЈ such that an adjoint problem can be defined. By substituting the relation in Eq. ͑19͒ into the sensitivity expression of Eq. ͑23͒, and by using the relation in Eq. ͑13͒, we obtain
In Eq. ͑24͒, ␣ϭ1 is used since x 0 is the interior point. Thus, Ј is expressed in terms of vЈ. The second term on the right side of the above equation can be used to define the adjoint load by substituting for vЈ. Hence, the following form of the adjoint problem is obtained:
where an adjoint solution * is desired. After calculating *, the sensitivity of can be obtained using Eq. ͑18͒, as
It is interesting to note that even if is a function of pressure p, its sensitivity expression in Eq. ͑26͒ does not require the value of p; only the structural solution v and the adjoint solution * are required in the calculation of Ј.
Consider a discrete form of the adjoint load. Equation ͑25͒ can be written in the discrete system as
where the right side corresponds to the adjoint load in the discrete system. If hϭp(x 0 ), the pressure at a point x 0 , then h , p in Eq. ͑27͒ will represent Dirac-Delta measure, which corresponds to a point load. Instead of computing the inverse matrix, let us define an acoustic adjoint problem in BEA as
where the acoustic adjoint solution ͕͖ is desired. Even though the coefficient matrix ͓A͔ is not symmetric, the adjoint Eq. ͑28͒ can still use the factorized matrix of the BEA Eq. ͑12͒. By substituting ͕͖ into Eq. ͑27͒, we obtain the structural adjoint problem as
Note that the acoustic adjoint solution ͕͖, which is obtained from BEA, is required to compute the structural adjoint load, and then frequency response re-analysis provides the structural adjoint solution ͕*͖. Thus, two different adjoint problems are defined: the first is similar to BEA, and is used to compute the adjoint load, while the second is similar to the structural frequency-response FEA.
Numerical Method.
The variational equation of the harmonic motion of a continuum model, Eq. ͑9͒, can be reduced to a set of linear algebraic equations by discretizing the model into elements using FEA. It is assumed that the structural finite element and the acoustic boundary element meshes match at their interfaces. The acoustic pressure p(x) and structural velocity v͑x͒ are approximated using shape functions and nodal variables for each element in the discretized model as where N s (x) and N a (x) are matrices of shape functions for the velocity and pressure, respectively, and v e and p e are the element nodal variable vectors. Substituting Eq. ͑30͒ into Eq. ͑9͒ and carrying out integration yields the same matrix equation as Eq. ͑10͒, rewritten here
After obtaining the structural velocity, BEA is used to evaluate the pressure response on the boundary, as well as within the acoustic domain, as described in Section 2.2. Figure 1 shows the computational procedure for the adjoint variable method with a structural FEA and an acoustic BEA code. Even though FEA and BEA are used to evaluate the acoustic performance measure, only the structural response v is required to perform DSA. The adjoint load is calculated from the transposed BEA, and the adjoint equations are then numerically solved using the FEA code with the same finite element model used for the original structural analysis. Numerical solutions are used to compute the design sensitivity, and the integration of the design sensitivity expressions in Eq. ͑26͒ can be evaluated using a numerical integration method, such as the Gauss quadrature method ͓1͔. The integrands are functions of the state variable, the adjoint variable, and gradients of both variables.
Design Optimization
For structural-acoustic problem, the sequential FEA-BEA analysis calculates the performance measure ͑noise and vibration͒, and the adjoint variable method for DSA calculates the sensitivity of the performance measure. This information is utilized by the optimization program to search for the optimum design.
Optimization Procedure for a Sequential StructuralAcoustic Problem.
The gradient-based optimization algorithms are commonly used in engineering design and optimization. The performance measure and its sensitivity are required for the gradient-based optimization process. Figure 1 shows the computational procedure for the optimization of the sequential structuralacoustic problem using a gradient-based optimization algorithm. Once the design variable, cost function, and design constraints are defined, the proposed sequential FEA-BEA and reverse adjoint variable DSA method are employed to compute the performance measure and their sensitivity, which will be input to the optimization program to search for the optimum design. The process will loop until an optimum design is achieved.
Numerical Example-NVH Optimization of a Complex Vehicle Structure.
One of important applications of the proposed method is structure-borne noise reduction of a vehicle. Figure 2 shows finite element and boundary element models of a next generation hydraulic hybrid vehicle ͓19͔. In addition to the powertrain vibration and wheel/terrain interaction, the hydraulic pump is a source of vibration, considered as a harmonic excitation. Because of this additional source of excitation, vibration and noise is more significant than with a conventional powertrain. The object of the design optimization is to minimize the vehicle weight as well as maintaining noise and vibration at the driver's ear position to the desirable levels.
From the powertrain analysis and rigid body dynamic analysis, the harmonic excitations at twelve locations are obtained. Frequency response analysis is carried out on the structural FE model using MSC/NASTRAN to obtain the velocity response, corresponding to the frequency range up to 100 Hz. COMET/ ACOUSTICS ͓9͔ is employed to obtain the acoustic pressure performance measure in the acoustic domain as shown in Fig. 2 . Once the acoustic performance measure and sensitivity information are obtained according to the procedure illustrated in Fig. 1 , the sequential quadratic programming algorithm in DOT ͑Design Optimization Tool͒ ͓22͔ is used to search for the optimum design.
FEA-BEA NVH Analysis and Adjoint Design Sensitivity
Analysis of the Vehicle. The sequential FEA-BEA analysis is performed on the vehicle model. In this example, the noise level at the passenger compartment is chosen as the performance measure, and vehicle panel thicknesses are chosen as design variables. The sound pressure level frequency response up to 100 Hz at the driver's ear position is obtained and illustrated in Fig. 3 and the numerical results at selected frequencies are shown in Table 1. The highest sound pressure level occurs at 93.6 Hz, which is the first acoustic resonant mode under 100 Hz. Figure 4 shows the sound pressure level distribution inside the cabin compartment at this frequency. The sound pressure level at the driver's ear position is 77.78 dB. Design modification is carried out mainly focusing on reducing the peak noise level in the neighborhood of this frequency.
The vehicle structure is divided into forty different panels, whose thicknesses are selected as design variables in this ex- ample. In order to carry out DSA, the acoustic adjoint problem in Eq. ͑28͒ and the structural adjoint problem in Eq. ͑29͒ are solved to obtain the adjoint response *. Using the original velocity response v and the adjoint response *, the numerical integration of Eq. ͑26͒ is carried out to calculate the sensitivity for each structural panel, as shown in Table 2 . The sensitivity contributions from all panels are normalized in order to compare the relative magnitude of the design sensitivity. The results indicate that a thickness change in the chassis component has the greatest potential for achieving reduction in the sound pressure level. Since the numerical integration process is carried out on each finite element, the element sensitivity information can be obtained without any additional effort. Figure 5 plots the sensitivity contribution from each element to the sound pressure level. Such graphic-based sensitivity information is very helpful for the design engineer to determine a desirable direction of design modification.
Optimization of the Vehicle Model.
The design optimization problem is to search a design with minimum weight, while the noise level at the driver's ear position can be controlled to a desirable level. The weight ͑mass͒ of the vehicle is chosen as the objective function and the sound pressure level at the driver's ear position is chosen as a design constraint. The sound pressure level of 65.0 dB, which is 12.78 db less than the maximum sound pressure level ͑SPL͒ at the initial design and equivalent to more than 75% noise reduction, is used as design constraints.
Although, the maximum sound pressure occurs at 93.6 Hz at the initial design, the frequency where the maximum pressure occurs may shift during design process. However, it is difficult to constrain all continuous frequency ranges. Thus, a fixed set of discrete frequencies is chosen in order to evaluate the sound pressure level. Since the most significant acoustic resonance occurs around 93.6 Hz, a total of eleven equally distributed frequencies in the neighborhood of 93.6 Hz are chosen to evaluate the sound pressure level during design optimization.
Among the forty design variables that are used to calculate the design sensitivity information, ten design variables are selected to change during design optimization because some of panel thicknesses are difficult to change for design purposes and some of them are related to the vehicle's dynamic performance. Ten selected design variables are panel thicknesses of Chassis, FenderLeft, Fender-Right, Wheelhouse-Left, Wheelhouse-Right, Cabin, Door-Left, Door-Right, Chassis-Conn, and Chassis-MTG, which significantly contribute to the sound and vibration level inside the cabin. The design space is chosen such that each design variable can change up to Ϯ50%. Accordingly, the design optimization problem is formulated as Minimize Cost Function c(u) The design optimization procedure illustrated in Fig. 1 is carried out. A seamless integration between FEA, BEA, sensitivity module, and optimization module is critical in an automated design process. MSC/NASTRAN is used for frequency response FEA, while COMET/ACOUSTICS is used for the acoustic BEA. The design sensitivity information is calculated from the Design Sensitivity Analysis and Optimization ͑DSO͒ Tool ͓21͔. A sequential quadratic programming algorithm in DOT is used for design optimization. The optimization problem is converged after five design iterations. A total of 15 response analyses and five design sensitivity analyses have been performed during design optimization. Table 3 compares the design variables between the initial and optimum designs. Figure 6 illustrates the design variable history during optimization. It is observed that all the design variables are decreased to reach the lower bound except one of them, the left door, which increased to the upper limit. Table 4 and Fig. 7 show the history of the cost function. The total mass of the vehicle is reduced from 1705.834 Kg to 1527.182 Kg, which is 178.652 Kg reducing, while the design constraints are satisfied. Figure 8 shows the sound pressure distribution inside the cabin before and after optimization. Figure 9 plots the change of the sound pressure level at the driver's ear position for the frequency range from 93.3 to 94.3 Hz during the optimization process. At the optimum design, the peak noise level is reduced to 65.0 dB, a total amount of 12.78 dB reduction. Note that the frequency, at which the maximum sound pressure appears, is shifted from 93.6 Hz to 93.7 Hz. However, this is not due to the shift of the acoustic resonant mode. The acoustic resonant mode still remains unchanged because of the same geometry of the acoustic space. This indicates that the correct acoustic resonant frequency should be in-between 93.6 and 93.7 Hz. However, the selected design constraints are broad enough to cover the frequency range where the maximum noise level would occur.
However, since the selected design constraints do not cover the entire frequency range, concern may arise that, while the peak noise level around 93.6 Hz is reduced, some other undesirable noises may occur at other frequencies. In order to check, the sound pressure levels at all frequencies below 100 Hz at the optimum design are computed and compared with initial design as plotted in Fig. 10 . The result indicates that the noise level at all frequency range is maintained under the constraint value. Al- Transactions of the ASME though the sound pressure levels at some other frequencies increased, the value is still within the constraint limit. On the other hand, proper selection of constraints is effective and computationally efficient.
Conclusions
Under the assumption that acoustic behavior does not influence structural behavior, design sensitivity analysis and optimization of a sequential structural-acoustic problem is presented using FEA-BEA. In the adjoint variable method, a reverse sequential adjoint problem is formulated, in which the adjoint load is calculated by solving a boundary adjoint problem and the adjoint solution is calculated from a structural adjoint problem. Design optimization based on the sequential FEA-BEA analysis and reverse adjoint variable DSA method is carried out on a concept vehicle structure with satisfactory results, by reducing the noise level at the driver's ear position significantly while lowering the weight considerably. 
